Laser-induced-fluorescence ͑LIF͒ is used to measure the density of helium atoms in a helicon plasma source. For a pump wavelength of 587.725 nm ͑vacuum͒ and laser injection along the magnetic field, the LIF signal exhibits a signal decrease at the Doppler shifted central wavelength. The drop in signal results from the finite optical depth of the plasma and the magnitude of the decrease is proportional to the density of excited state neutral atoms. Using Langmuir probe measurements of plasma density and electron temperature and a collisional-radiative model, the absolute ground state neutral density is calculated from the optical depth measurements. Optimal plasma performance, i.e., the largest neutral depletion on the axis of the system, is observed for antenna frequencies of 13.0 and 13.5 MHz and magnetic field strengths of 550-600 G.
I. INTRODUCTION
Theoretically, a high enough density helicon source ͑n ϳ 10 13 cm −3 ͒ is suitable for Alfvén wave studies in moderate length systems ͑L ϳ 2 m͒. 1 However, helicon source plasmas are not fully ionized and ion-neutral and electron-neutral collisions significantly affect wave propagation in laboratory plasmas. For example, the characteristics of shear Alfvén waves are radically altered by finite ion-neutral collisions; the ion cyclotron resonance feature shifts toward lower frequencies and the waves are heavily damped. 2, 3 There are modes of helicon source operation in which the neutral density on axis is much smaller than the edge neutral density, i.e., the ionization fraction is a maximum on axis. Experimental observations of on-axis neutral depletion have been accomplished through probe measurements, 4, 5 and single photon 6 and two-photon 7 laser-induced-fluorescence ͑LIF͒. To obtain the bulk neutral density, instead of that of a particular neutral electronic state, the measurements are combined with additional computational or experimental results, e.g., collisional-radiative modeling 8, 9 and rotational temperature measurements. 10 Since the first application of LIF to plasmas by Stern and Johnson, 11 LIF has been widely used to determine species temperatures, flows, and densities in plasmas. In this paper, we describe a novel, LIF-based technique for measurement of the absolute neutral helium density in a plasma source.
II. EXPERIMENTAL APPARATUS
HELIX ͑the Hot hELIcon eXperiment͒ is a linear helicon plasma source designed for space-relevant laboratory experiments. 12 The source consists of a 61 cm long, Pyrex ™ tube, 10 cm in diameter, connected to a 91 cm long stainlesssteel chamber that is 15 cm in diameter. Ten electromagnets produce a steady-state axial magnetic field of 0-1400 G. rf power of up to 2.0 kW over a frequency range of 6-18 MHz is used to create the steady-state plasma with a 19 cm, halfwave, right-handed helical antenna. In the experiments reported here, the helium neutral fill pressure is held fixed at 18 mTorr. Smoothed plots of the mean electron density ͑n e ͒ and temperature ͑T e ͒ as functions of axial and radial positions are shown in Fig. 1 plasma radius. The collection optics used at locations z = 55 cm and z = 115 cm are fixed and collect focused light from the center of the plasma. The collection optics used at z = 85 cm are a part of the two dimensional scanning apparatus described by Hardin et al. 15 For measurements at z = 85 cm, the injection optics are also scanned radially to maintain the same collection volume for each radially resolved measurement. Fig. 2 are LIF measurements of the neutral helium metastable velocity distribution function ͑vdf͒ at different radii for an axial position of z = 85 cm, 13.56 MHz antenna frequency, and a background magnetic field of 560 G; for these plasma parameters the source was operating in the helicon mode, i.e., a high density plasma with a bright and distinctive, ϳ1.5 cm radius core. For the measurement at the center of the plasma ͑r =0͒, the LIF signal decreases markedly at the Doppler shifted central wavelength. The depth of the dip decreases ͑and eventually vanishes͒ with increasing radius. The magnetic field independence of the feature rules out Zeeman splitting. Stark splitting is also eliminated from consideration as the necessary electric field ͑calculated assuming the feature is a pair of split lines͒ is many orders of magnitude larger than is realistically possible and because the splitting is symmetric about the rest frame absorption wavelength. 16 The possibility of line saturation was also investigated by varying the laser power. However, the relative depth of the dip feature is independent of the injected laser powers employed. The vanishing of the dip feature for radii beyond the bright plasma core is consistent with plasma opacity being responsible for the dip; the combination of higher electron densities and temperatures in the core region should yield a higher density of excited neutral helium states in the core.
III. EXPERIMENTAL RESULTS

Shown in
The opacity of the plasma 17 was investigated by performing LIF measurements at upstream ͑z =55 cm͒ and downstream ͑z = 115 cm͒ locations and comparing the results to the LIF vdf measurements at the z = 85 cm location ͑see Fig. 3͒ . As a function of increasing axial location, the relative depth of the dip feature clearly increases, i.e., the medium is optically thick at the peak of the vdf. As the laser beam travels along the axis, the 2p 3 P 1 o metastable state absorbs so much light that there is not enough laser power to completely pump the metastable state at locations further downstream. By modeling the dip in the LIF measured vdf with a simple Gaussian function, the parent, or undistorted, vdf can be reconstructed with use of a nonlinear bi-Gaussian fitting process; the difference between a parent vdf ͑repre-sented by one Gaussian function͒ and the absorption feature is fit to the LIF measurements. Shown in Fig. 4 is the r =0 LIF measurement shown previously in Fig. 2 along with the reconstructed parent vdf and the best-fit absorption feature. The bi-Gaussian fitting procedure is self-normalizing and the ratio of the amplitude of the measured dip feature ͑I͒ to peak of the parent vdf ͑I o ͒ provides a relative measure of the optical absorption as a function of axial position. The fitting procedure also yields the area under the parent vdf, which is a measure of the density of the metastable helium population. Therefore, the axially spaced LIF measurements provide an absolute measure of the metastable helium neutral density ͑through determination of the optical depth͒ and measurements at a single radial and axial location for a range of source conditions provide a relative measure of the neutral helium density as a function of source parameters.
A. Absolute neutral density measurement
For any medium with a finite and constant opacity, the transmitted intensity decreases exponentially with distance z,
where 0 is the mean optical depth, In Eq. ͑2͒ D is the length of the medium, N is the density of the absorption centers in the medium ͑density of the metastable state neutrals here͒, g 1 and g 2 are statistical weights of lower and upper levels, respectively, A 21 is the transition probability, 0 is the central wavelength of the transition, and v th is the thermal velocity of helium atoms ͑determined from the measured width of the parent vdf͒. In Fig. 5 , I / I 0 ͑ex-tracted from Fig. 3͒ is plotted versus axial distance and fitted with a decaying exponential. The fit yields an optical depth of = 0.0164 cm −1 . From Eq. ͑2͒, the corresponding metastable density is 1.47ϫ 10 10 cm −3 , for which the thermal velocity is calculated from the 0.06 eV perpendicular neutral helium temperature measurement obtained at z = 85 cm.
The metastable neutral atom density is related to ground state neutral atom density through the rate equation for the particular excited metastable state. Assuming the population of the excited state p can be represented with a steady state collisional-radiative model,
where z is the degree of ionization of the state and R 0 ͑p͒ and R 1 ͑p͒ are the electron density and temperature dependent population rate and recombination coefficients, respectively. For the measured electron temperature and electron density and for the metastable neutral atom density given above, Eq. ͑1͒ predicts a ground state density of neutral helium of 5.9 ϫ 10 13 cm −3 . For the peak plasma density of 5.5 ϫ 10 12 cm −3 shown in Fig. 1 , these measurements yield an ionization fraction of 10% on axis. If the neutral density was calculated based solely on the measured edge neutral pressure, the calculated neutral density would be 6.4 ϫ 10 14 cm −3 , yielding a much smaller ionization fraction of only 1%. The decrease in the core neutral density of a factor of 10 from the edge of the helicon source is strong evidence of neutral pumping ͑seen previously in argon helicon discharges͒.
B. Neutral density measurements
Plasma production in helicon sources depends on rf power, antenna frequency, magnetic field strength, and neutral fill pressure. 17, 19, 20 For Alfvén wave propagation experiments, the goal is to minimize the neutral density and maximize the plasma density. For a fixed neutral fill pressure of 18 mTorr and in the helicon mode of operation, the antenna frequency was varied from 9.5 to 15.0 MHz in 500 kHz steps and the magnetic field strength was varied from 300 to 750 G in 50 G increments ͑requiring that the discharge be in the helicon mode limited the permissible magnetic field strength range͒. 21 Shown in Fig. 6 is an intensity plot of the area under the parent LIF measurements, a qualitative measure of the metastable neutral density, as a function of magnetic field and antenna frequencies at z = 85 cm. This proxy for metastable neutral density is a minimum at antenna frequencies of FIG. 4 . ͑Color online͒ Reconstruction of "parent" LIF profile from LIF data by attributing the absorption feature to a Gaussian fit such that the difference between the two Gaussian yields a curve that matches the LIF data ͑shown in red curve͒. The area under parent LIF profiles and the ratio of dip's depth ͑I͒ to amplitude of the parent LIF ͑I 0 ͒ are used to determine the neutral density, as explained in the text.
FIG. 5. ͑Color online͒ Ratio reduced LIF intensity ͑I͒ to the amplitude of the parent LIF ͑I 0 ͒ at the three axial positions ͑red diamonds͒ along with the best fit exponential fit ͑blue͒ to the measurements. 13 .0 and 13.5 MHz and magnetic field strengths of 550-600 G. Although these measurements are representative of the metastable state density, they are linearly related to the ground state neutral density through Eq. ͑3͒. Therefore, the ground state neutral density is also a minimum for the same helicon source parameters. The antenna frequency and magnetic field strength ranges explored include the source parameters used in the previous calculation of the absolute neutral density. Scaling the relative measurements of the neutral density by the absolute measurement of 5.9ϫ 10 13 cm −3 at an antenna frequency of 13.56 MHz and a magnetic field strength of 560 G, and accounting for changes in the electron density and temperature, the minimum neutral density observed is approximately 1.0ϫ 10 13 cm −3 , yielding an ionization fraction of 50% for antenna frequencies of 13.0 and 13.5 MHz and magnetic field strengths of 550-600 G. At such an ionization fraction, wave propagation experiments in helium plasmas are feasible.
IV. SUMMARY
Here we have shown that the measured optical depth of metastable neutral state in a plasma, in conjunction with electron temperature and density measurements, can provide an absolute measure of the neutral atom density in the plasma. Helicon source performance, based on the metric of minimal neutral atom density, is optimal at magnetic fields of 550-600 G and antenna frequencies of 13-13.5 MHz. FIG. 6 . ͑Color online͒ Intensity plot of the areas under the parent vdf's as functions of antenna frequency and background magnetic field. The areas, which are a proxy for density of the metastable states ͑2p 3 P 1 o ͒, are minimum for antenna frequencies of 13.0 and 13.5 MHz and background magnetic fields of 550-600 G.
